Introduction
Activated oxygens are known to be present in many reaction systems in gas, liquid and solid phases on earth. Although they have caused the disadvantages of causing diseases in the human body, [1] the weathering of materials [2] and the inhibition of radical reactions, their sophisticated control often affords some advantages in many fields of science [3, 4] and technology. [5] [6] [7] Some furan derivatives such as furfuryl alcohol and methyl 2-furoate are easily oxidized and resinified upon exposure to air under light irradiation and in the presence of an oxygen sensitizer.
Polymers having such a furan moiety in these side chains can be expected to undergo crosslinking by ringlet oxygen and yield a novel negative-type photopolymer, a photo-oxidation induced polycondensation resin (POP resin). We have reported that oxygen sensitizers can be used as a photo-curing agent for a furan-substituted polymer, poly(furfurylmethacrylate)(PFMA). Among the sensitizers, fullerenes Cso and C7o showed a superb ability to crosslink PFMA under UV-irradiation.
[8] This is due to the fact that fuferenes with the firm conjugated structures are better resist photo-breaching by oxidation than other sensitizers.
Though we expect the photocuring of POP resin is expected to be influenced by the diffusion of oxygen due to the unique curing mechanism, a detailed study of the process has never been attempted. In the this paper, the influence of the film thickness and the light intensity during IN irradiation on the curing-sensitivity Free radical polymerization of FMA was performed in diglyme solution at 80°C for 4 hours, under a N2 atmosphere with stirring. The concentrations of FMA and AIBN were 33.3wt.-% of the solution and 0.25wt.-% of FMA, respectively. Polymer conversion, as determined by total solid contents was found to be almost 100%. To eliminate the remaining AIBN, the reacted solution was heated at 100°C for 30 mm after polymerization. The colorless solution of PFMA was obtained and used to prepare the POP resin without further purification. From the gel permeation chromatography (GPC) analysis (Waters Co.), the number average molecular weight Mn and the molecular weight distribution MJMn of PFMA was determined to be 5.4x104 and 3.49, respectively. POP resin was prepared by adding the o -liclorobenzene solution of Cso (1 x 10-2 M) to the diglyme solution of PFMA. The concentration of PFMA was fixed at 20 wt.-% of the total solution and the Cso was fixed at 0.33 wt.-% of PFMA in all experiments. The density of PFMA film was determined to be 1.232 g•cm-3 and the concentration of Cso in the PFMA film was measured at 6.05x10-3 M.
Lithographic evaluation using characteristic curves
The resin prepared by dissolving PFMA and Cso in diglyme was spread onto a #7059 glass substrate (Corning Co., Ltd.) using a spin-coater, and prebaked on a hot-plate at 100°C for 60 sec. The film thickness was controlled to between 0.5pm and 4pm. It was then exposed to UV-vis radiation from a 500W high pressure mercury lamp through an IR cut-off filter (IRA-25) (Toshiba), a deep UV cut-off filter (#7059 glass) and a negative-type photo-mask (Toppan Printing Co., Ltd.). The light intensity was ranged from 1.05mWcm-2 to 40.3mW•cm-2 at 365nm (peak). After irradiation, the film was baked on a hot plate for 60 sec. at 100°C, and developed in a mixture of toluene for 60 sec. cients. [ 10] The permeability coefficient (h) was calculated from the slope of the curves for the downstream pressure in the steady state as a function time. After the time lag was obtained from these curves at the initial period, the effective oxygen gas diffusion coefficient (D) was estimated using D= d /6 8, where d is the film thickness and 9 is the time lag. The apparent solubility coefficient (S) of the oxygen in PFMA film was calculated from the relationship APE.
The measurements were performed at latm of oxygen for the upstream pressure for different temperatures between 23°C and 60°C.
Results and Discussion Figure  1 shows the characteristic curves for PFMA-Cso film, where the normalized remaining film thickness after development was plotted against the irradiation time. The films ) and (c), the deterioration in the apparent sensitivities was observed for the thickened film. For example in Fig.l (c) , when the POP film with thickness of 3.97pm was exposed between lOsec. and 100sec., the exposed film peeled from the glass substrate during the development.
The experimental results of the oxygen gas transport (diffusion and dissolution) in PFMA film are summarized in Table 1 . The small diffusion constant and dissolution constant were observed in our experiment.
Since the concentration of oxygen molecule in PFMA film was estimated to be low (2.89x10-4 M) under atmospheric pressure at room temperature, PFMA appears to need the oxygen supplied from the ambient air during irradiation for improvement of the sensitivity. The small value of the diffusion constant causes the insufficient concentration of oxygen deep in the film. This insufficiency appears to inhibit the photo-curing reaction deep in the film and to cause peeling of the exposed film with increases in the film thickness.
The increase in light intensity causes the peeling as shown in Fig. 1 .(b) compared with Fig. 1.(a) as well as the increase in film thickness. When the intensity is low, the rate of the oxygen consumption is relatively slow compared with the rate of the supply by diffusion. As a result, the condition of oxygen concentration approaches as of constant and is homogeneous over the polymer film. At the high light intensity, the rate of the oxygen consumption is fast in the film and the reaction is strongly controlled by the diffusion of oxygen. We confirmed this trend using the kinetic approach. [ 11] The spatial distribution of the crosslinking point in polymer film is described as ac, _ -f (C 2) 'ng concentration for the small pattern (width: 2pm, thickness: 1.5pm) is described for different oxygen pressure and the different light intensity at the same exposure dose (170mJ•cm-2). When the light intensity is high, we expect that the reaction occurs almost entirely near the surface and the boundary between the exposed and unexposed area. On the other hand, at the low intensity, the crosslinking takes place more deeply and homogeneously.
Thus, the low diffusion and dissolution of oxygen prevents the POP resin from being a practical industrial material. It is necessary to improve these parameters for the good sensitivity and the good pattern profile. The solubility is known to increase when the backbone is replaced with the one which has the good interaction with oxygen molecules such as polysiloxyanes. [ 12] The diffusivity should be improved by introducing the heavy atoms and bulky groups such as bromine or adamanthane into the side chain.
Conclusions
A photosensitive resin, photo-oxidation induced polycondensation (POP) resin, was successfully prepared from poly(furfuryl methacrylate) (PFMA) and C6o. The depth-curing behavior of POP resin were experimentally investigated using photolithographic evaluation.
The diffusivity and the solubility of the oxygen from the ambient air into the PFMA was evaluated and their influences on the photocuring were studied. When the film was thick or the light intensity was high, the peel of the exposed film from the glass substrate was remarkably observed during the development. The computational simulation of photo-curing of PFMA-C60 film using the kinetic model explained the cause of this peel. The small oxygen solubility and the small diffusion constant were found to result in the insufficiency in oxygen when the oxygen in PFMA was consumed promptly.
